ABSTRACT The crystal structure of the B-DNA dodecamer
Protein and nucleic acid crystallography has traditionally been limited to temperatures of 260 K (-13°C) or higher because of the high solvent content of the crystals. Although low-temperature data collection would be valuable as a way of reducing xray decay in sensitive materials, as well as for directly assaying for temperature-dependent conformational flexibility in proteins (1), attempts to cool protein crystals to liquid nitrogen temperatures (ca. 77 K) have always ended in failure (2) . When the liquid water channels between molecules in a protein crystal are allowed to freeze, groups of molecules in the crystal break up into slightly misaligned microcrystallites that diffract x-rays diffusely ifat all. It has never been clear whether the unwanted peak broadening is due to thermal strain, internal ice formation, or a combination of these and other factors (2) .
Petsko (3) has introduced a method to replace the content of these solvent channels by mixed water/alcohol "antifreeze" solutions that remain liquid to <200 K and do not denature the protein. Several protein-structure determinations have been carried out using this technique, including metmyoglobin at 220 K (4), trypsinogen at 173 K (5) , and elastase at 200 K (6) . The only drawback with the current generation of mixed solvents is that they still freeze at ultralow temperatures.
An alternative strategy for low-temperature x-ray work has become feasible recently, with the development by one of us (S.S.) ofa low-temperature diffractometer that has closed-cycle cooling and is capable of maintaining temperatures as low as 16 K during data collection (7) . Almost as easy to operate as a conventional diffractometer, this instrument provides thermostatted cooling accurate to ±0.5 K throughout the temperature range 16 K-340 K and has already proved its worth in the analysis of small molecule structures (8, 9 Several combined Fourier/difference Fourier maps were plotted during the course ofrefinement to check for correctness of the DNA conformation and to identify likely solvent peaks (12) . The final phasing model contains 486 DNA atoms (one 12-base-pair double helix) and 83 discrete solvent peaks per asymmetric unit. As with all other DNA structures from this laboratory, observed and calculated structure factors, calculated phases, atomic coordinates, and individual isotropic temperature factors have been deposited with the Brookhaven Protein Data Bank. (12) (3, 15) , allowing negatively charged DNA phosphates from neighboring molecules to move closer together.
RESULTS

Effect of Cooling on Crystal Packing. Since the C-G-C-G-A-A-T-T-C-G-C-G double helix retains much of its solution hydration even in the crystal
The 24 hr used to cool the crystal from 290 K to 200 K apparently were not sufficient to allow crystal packing to equilibrate fully. Subsequent cooling below this solidification point (to 16 K) produced little change in cell volume. But when the crystal was warmed after collection of a 16 K data set (open circles in Fig. 1 ), the reversibility of cell volume changes failed above 210 K. Instead, the volume decreased sharply from 61,000 A3 to 55,000 A3, and the space group symmetry changed Biophysics: Drew et Fig. 3 The three-dimensional motions involved can be visualized with the help of a least-squares superposition of the two structures (Fig. 4) . During cooling from 290 K to 16 K, many of the phosphate groups on the left strand move downward slightly, while those on the right strand move upward, narrowing the interstrand separation by 0.6 A. As phosphates move up and down, they pull adjacent sugar rings with them, causing bases on the left strand to expose more of their upper surfaces to the viewer and those on the right to show more of their lower surfaces and increasing the propeller twist of the base pair. This coupled base-sugar-phosphate motion will be described elsewhere in more detail (A. V. Fratini, M. L. Kopka, H. E. Drew, and R. E. Dickerson, unpublished) and is ofgeneral significance in understanding the kinematics of B-DNA: narrowed minor grooves are accompanied by larger propeller twists (skewed base pairs), while wider minor grooves are associated with smaller propeller twists (flatter base pairs).
of C-G-C-G-A-A-T-T-C-G-C-G at 16 K is shown in
A possible explanation for the change in dodecamer structure with cooling is that the enhanced dielectric constant of water at low temperatures may alleviate unfavorable phosphate-phosphate repulsions across the minor groove and permit the groove to narrow somewhat (as well as permitting adjacent helices to pack more tightly together). If this idea is correct, then the minor groove of a B helix should open slightly as the temperature is raised, the base pairs should flatten out, and the bases themselves should approach more nearly the ideal state of perpendicularity to the helix axis. Patel has studied C-G-C-G-A-A-T-T-C-G-C-G in solution by NMR spectroscopy and does observe a temperature-dependent conformational change in the four central A-T base pairs prior to melting (16) .
Disorder and Its Origins. As mentioned above, overall B values and the corresponding rms displacements at 16 K are substantially smaller than those observed at 290 K, 0.44 versus 0.68 A rms. These averaged values, however, convey no information about the actual three-dimensional distribution of displacements throughout the molecule. In general, structural disorders are of three types: translational, librational, and conformational (17) . Translational rigid-body disorder of the molecule as a whole typically affects all atoms in a structure equally and is a measure of the looseness of packing. Rigid-body librational or rotary disorder most affects those atoms that lie furthest from the axis of libration and is often characteristic ofmolecular shape [as evidenced by the examples of pyrene and hexamethylenetetramine (17) ]. Unlike these first two, conformational disorder is an intramolecular property and includes contributions from all kinds of local structural heterogeneities such as mixed side-chain positions in proteins and mixed phosphate orientations in DNA; it probably corresponds more closely than either translation or libration to the true internal flexibility of the macromolecule in solution.
Rather than calculating rms atomic displacements (u2)1/2, it often is more convenient to discuss the isotropic temperature factors B = 8ir2u2, since these are the parameters that describe Gross shifts in the overall B factor in going from one structure to another (up and down the diagonal lines y = x + 22 and y = x + 9) can be attributed to changes in the rigid-body translational disorder, since these changes affect every atom more or less equally. In Fig. 5A , the shift in minimum base B value from approximately +22 down to +4 in going from the native 290 K crystal to the 9-Br structure probably reflects the tighter packing of molecules and decreased solvent volume in the 9-Br unit cell (V = 62,000 A3 as compared with 68,000 A3 for the native). The negative B values in Fig. 5A for the base rings at 16 K are not physically meaningful but indicate only that disordering at such ultralow temperatures has been reduced below the experimental noise level of the data.
An observation of more fundamental significance is that B factors for the phosphates exceed those ofthe sugars by 9 axis. We originally believed that thermally induced twisting and untwisting motions such as those displayed by DNA in solution . (18) were responsible for this nonuniform distribution of displacements in the 290 K structure (10) . However, we now observe that the effect persists unabated to 16 K, where thermal motion has been effectively removed, so the 'previous explanation seems doubtful. Librational "motions".are not uncommon in protein crystals and, in the case ofthe enzyme lysozyme, the same librational modes of disorder have been detected for isomers of nearly identical sequence in two different space groups, one in P43212,and the other in P212121 (19, 20) . ' 
DISCUSSION
This x-ray analysis.ofthe dodecamer C-G-C-G-A-A-T-T-C-G-C-G at 16 K was undertaken to provide a ground-state structure for"B-DNA. Solution studies have shown that thermally induced motions in the double helix.produce both a large twisting-,untwisting amplitude of.60 per base. step (18) and a slight overall unwinding of 0.0120 per base step per TC in the temperature interval 0C to 300C (21) . The nonuniform distribution of x-ray displacements in the 290 K dodecamer structure, large at phosphates and small at base pairs, also suggested thermal motion (10) . However, the present analysis leads us to believe that these displacements are primarily static rather than thermal, since they persist to 16 K where practically all thermal motion has beeneliminated. Furthermore, the end-to-end twist of the dodecamer does not vary at all with temperature from its sequence-averaged value of 10.1 base pairs per turn. Taken together, these observations imply that the dynamic motions that produce twist-angle variation and helix unwinding in solution are not accessible in the crystal, even at 290 K.
